INTRODUCTION
Damage to the primary visual cortex produces homonymous visual field defects contralateral to the side of the lesion as determined by perimetrical evaluation. For many years, however, numerous studies have documented a wide range of residual visual functions in the blind area of these subjects (see review in Stoerig and Cowey, 1997) . These residual functions include detection and spatial localization by eye or hand movements of stationary or moving stimuli (Poppel et al., 1973; Perenin and Jeannerod, 1975; Stoerig et al., 1985; Blythe et al., 1987) as well as discriminations based on movement (Barbur et al., 1980; Weiskrantz, 1986) , line orientation (Weiskrantz, 1987) , or wavelength (Stoerig, 1987) . Reports also indicate that performance in response to stimuli in the good field can be affected by stimuli presented simultaneously to the blind and normal hemifields (Corbetta et al., 1990; Marzi et al., 1986; Singer et al., 1977; Tomaiuolo et al., 1997) . In cases where the viewer, in spite of an above-chance performance, does not acknowledge a visual percept, the phenomenon has been termed ''blindsight'' (Weiskrantz et al., 1974) .
Several different proposals have been made as to the neural substrates mediating these residual visual abilities. Some have attributed residual visual functions to the various extra-geniculo-striate cortical pathways, in particular the superior colliculus, which receives direct retinal input and projects to extrastriate regions via the pulvinar (Stoerig and Cowey, 1997; Stoerig et al., 1998) . Others have ascribed the residual visual functions to spared remnants of striate cortex in the damaged hemisphere (Fendrich et al., 1992) . More recently, evidence for residual vision in hemidecordicate patients has suggested the contribution of the remaining hemisphere via the colliculo-pulvinar pathway (Bittar et al., 1998; Wessinger et al., 1996; Ptito et al., 1991; Tomaiuolo et al., 1997) .
Our knowledge of the functional anatomy of blindsight primarily stems from studies carried out on monkeys. Following striate cortex lesions, residual visual pathways still receive projections from the retinal ganglion cells that escape transneuronal retrograde degeneration (Cowey, 1974) . Among the three classes of retinal ganglion cells, the medium size ones (P␤) are mostly affected and the surviving cells maintain their projections to subcortical structures in the mesencephalon and diencephalon (Cowey et al., 1989; Ptito et al., 1996) . Although there is a drastic reduction of the population of projection neurons to the lateral geniculate nucleus pars dorsalis (dLGN), projections to the superior colliculus and pulvinar thalami appear to be unchanged (Cowey et al., 1994; Ptito et al., 1996) .
At the behavioral level, monkeys with complete bilateral lesions restricted to area V1 still retain a wide repertoire of visual functions such as visually evoked nystagmus, accurate reaching to various locations of the visual field, motion detection, figural discriminations based on differences in the total flux entering the eyes, and discrimination of a variety of flux-equated targets differing in brightness, shape, orientation, spatial frequency, contrast, or wavelength (Pasik and Pasik, 1982; Lepore et al., 1976a,b) . The importance of collicular input to extrastriate function has been also demonstrated. Monkeys with extensive visual cortex lesions that include extrastriate areas exhibit deficits far more severe than those with only striate cortex removal (Pasik and Pasik, 1982) . Electrophysiological recordings in area V5 of monkeys lacking striate cortex reveal that V5 neurons retain normal directional sensitivity, which is abolished by the additional destruction of the superior colliculus (Rodman et al., 1989 (Rodman et al., , 1990 .
In humans, however, there is little direct evidence for the involvement of subcortical structures in the mediation of blindsight. Rafal et al. (1990) measured the latency of saccadic eye movements to targets in the seeing field of hemianopic patients. They found that distractors presented simultaneously in the blind field produced slower responses. However, this inhibitory effect occured only when the distractor was presented in the blind nasal hemiretina. Distractors presented in the blind temporal hemiretina had no effect on saccadic latency. The superior colliculus is implicated as the source of this distractor effect because the nasal hemiretina has a stronger projection to the colliculus than the temporal hemiretina (Hubel et al., 1975) .
Functional neuroimaging studies have the potential to clarify the neural substrates of human blindsight. The studies using these techniques have to date concentrated on extrastriate cortical areas. For example, PET (Barbur et al., 1993) and fMRI (Stoerig et al., 1998) activation studies have shown that stimulation of the visually blind hemifield yielded metabolic activity in cortical areas outside primary visual cortex mainly those involved in motion processing. These extrastriate visual areas receive their afferents via subcortical retinorecipient nuclei and no human studies to our knowledge have yet confirmed their activation in the absence of area V1. We offer evidence that adequate visual stimulation can activate an extra-geniculostriate pathway namely the pulvinar-circumstriate route in a patient with massive damage to visual cortex.
A conference abstract of part of this study has been published .
MATERIALS AND METHODS

Subjects and Recordings
We studied four subjects, three normal volunteers and one patient with massive damage to area V1. The patient (PK) is a 31-year-old female with complications at birth. Epilepsy was diagnosed at 8 years of age when the patient started to have complex partial seizures with secondary generalization. The EEG showed diffuse 3-5 Hz background activity with right-sided preponderance. MRI scans showed bilateral parietooccipital changes presumably due to perinatal ischemia or asphyxia. Volume and T2-relaxation times in both temporal lobes and hippocampi were within normal limits ( Fig. 1, left) . Cerebral glucose metabolism measured with 18 FDG-PET indicated bilateral occipital cortical defects with a larger hypometabolism on the right side ( Fig. 1, right ). This was confirmed by standard computerized perimetrical evaluation which showed a left visual field defect in spite of the low metabolic activity observed in the left occipital lobe during the 18 FDG investigation. We previously reported that this patient had in fact regained vision over time in all of the right visual field (Ptito et al., 1997, and in press) . Figure 2 illustrates the perimetrical visual field (campimetry field maps, Faubert et al., 1987) of the right eye and indicates the extent of the blind area. PK showed fixation stability during the entire duration of scans collection and always reported the presence of the stimulus in either the blind or intact hemifield. Control subjects were two females and one male whose ages ranged between 25 and 32 years; they were neurologically sound and their vision was excellent. All subjects gave written informed consent.
Experimental Paradigm
The experiment involved nine sequential measurements of rCBF during the presentation of different visual stimuli. The background stimulus was made of dynamic random-dots and served as baseline; it controlled for extraocular light scatter . The test stimuli were two adjacent sinusoidal gratings subtending a visual angle of 14.8°, moving (velocity 6.5 Hz) in opposite directions and presented at 11.4°(medial edge) on either side of the fixation spot (Fig. 3 ). All tests were carried out using the dominant right eye, the left one being occluded with an hermetic eyepatch. The patient viewed the display through her nonstrabismic (right) eye. Accordingly, the standard sighting measure was used to determine eye dominance for the control subjects. In the tomograph, the subjects were specifically asked to maintain fixation on the target at the center of a Tektronix visual display screen 44.5 cm from the eyes. The experimental conditions included baseline noise, left visual field stimulation (LVF-blind field), and right visual field stimulation (RVF-intact field). The conditions were repeated three times each for a total of nine bolus injections.
PET Data Acquisition and Image Analysis
An ECAT PET camera was used to detect changes in relative rCBF by recording the distribution of cerebral radioactivity caused by the freely diffusible, positron emitting, 15 O-labeled tracer water (H 2 15 O) infused intraveinously. Ten seconds prior to the injection, the visual stimulus was presented on the screen and the bolus (500 MBq or 13.5 mCi) was then injected at time 0 through an intraveinous catheter. Data acquisition started at bolus arrival to the brain and continued for a period of 40 s. Images were reconstructed with a measured attenuation correction and filtered to 12-mm full-width half-maximum (FWHM) isotropic with a Hanning filter of cut-off frequency 0.15 cycles/pixel. For anatomical localization PET images were coregistered to the subjects' MRI in Talairach coordinates (Talairach and Tournoux, 1988; Collins et al., 1994) . After a voxel-by-voxel subtraction of the baseline conditions from the test conditions, a statistical parametric map of the rCBF change was created using a t-statistic (Worsley et al., 1992) . For ts exceeding 3.6, the rCBF change
FIG. 2.
Perimetrical assessment and campimetry field map for subject PK's right eye. The dark shaded area represents the extent of the visual field loss; the center of the blind spot is located at 17°eccentricity. Scale bar, 5°. was significant at P Ͻ 0.05 corrected for multiple comparisons.
RESULTS
For two normal subjects, significant increases in rCBF were observed in the posterior cortical areas (presumed V1-V2-V3) of the right hemisphere, which confirms earlier reports showing these areas to be active when subjects viewed a moving pattern (Barbur et al., 1993; Dupont et al., 1994) . Significant activation was also observed in area 47 of the right orbitofrontal cortex (inferior frontal gyrus). For the third subject, no significant activation was seen in the visual cortical areas but rather the foci were located in the cerebellum and in area 28. The activated areas for one normal subject showing a significant rCBF change following stimulation of the left visual field are illustrated in Fig.  4 and the corresponding t-values are reported in Table 1. No activation of subcortical structures was observed.
In patient PK, stimulation of the scotomatous hemifield (left visual field, LVF) yielded significant activation of the pulvinar, the inferior frontal gyrus (presumed area 47), the superior occipital gyrus (putative area 19 or V3), and BA 30, all in the left hemisphere. The only activation evident in the right hemisphere fell below our criteria for significance. These foci are indicated by red arrowheads in Fig. 5 (sections z ϭ Ϫ8) . Stimulation of the sighted hemifield (right visual field, RVF) provoked activation of cortical areas 30 and 47 of the left hemisphere and a nonsignificant activation in the right hemisphere indicated by red arrowhead in Fig. 5 (z ϭ Ϫ5) . The results are summarized in Table 2 and illustrated in Fig. 5 .
DISCUSSION
Our results lead to several conclusions. First they confirm recent PET and fMRI studies in that many areas in the normal human brain respond to visual motion (Zeki et al., 1991; Dupont et al., 1994; Tootell et al., 1995 Tootell et al., , 1997 . In agreement with these studies, we observed foci of activation in areas 17/18 and 19 but we did not observe activation of area V5 (or MT) which might be due to the particular experimental conditions we employed. The visual stimuli used in the previous studies always consisted of dynamic random dots patterns moving radially in several directions and these were compared to a control condition where the dots remained stationary. In our study, the visual stimuli consisted of sinusoidal semicircular gratings moving in opposite directions and presented on a dynamic randomdot background. In the control condition, only the dynamic random-dot background was presented. Moreover, in the previous studies, subjects were given binocular stimulation, whereas in the present study, visual stimulation was restricted to the left or the right visual field of the dominant eye and was presented at a rather large eccentriccity in order to remain as far as possible from the midline when testing the scotomatous visual field. Area MT is not retinotopically organized in humans (Tootell et al., 1995) or in monkeys (Maunsell and Van Essen, 1983 ) and the degree of interhemispheric overlap is roughly 15°, which might be, as Tootell et al. note, slightly inflated by partial volume sampling. It might well be that, although any type of moving stimuli would activate area MT, our visual stimulation fell outside the zone of overlap and hence failed to activate that region.
Cortical areas other than the classic visual ones also showed increases in rCBF namely putative area 47 not only in patient PK but also in the normal subjects. This area is located in the frontal lobe (inferior frontal gyrus) and due to the nature of its anatomical connectivities with the hypothalamus is involved in vegetative functions. Recent imaging studies, however, have shown that several frontal regions (BA 45, 46, and 47) can be activated following stimulation of the hemianopic field due to lesions of area V1 but only in situations where the patient is aware of the presence of the stimulus (Sarhaie et al., 1997) . Our results are in agreement with those reported by the previous authors, since in our study, patient PK always ''felt'' the presence of the stimulus in her blind hemifield.
Finally, our results indicate that stimulation of the scotomatous hemifield in a patient with a lesion of area V1, activates the extrastriate visual system in the nonlesioned hemisphere. These results are consistent with the hypothesis that various visual functions observed in the blind hemifield of patients with damage to the primary visual cortex are mediated by extrageniculostriate visual pathways (see reviews by Barbur et al., 1993; Ptito et al., 1996; Stoerig and Cowey, 1997) . The proposed extrageniculostriate pathways include a projection from the blind hemiretina to the superior colliculus, pulvinar, and then extra-striate cortex, all in the lesioned hemisphere (Stoerig and Cowey, 1997) . Our results reveal the potential contribution of alternative pathways involving the extrastriate regions in the nonlesioned hemisphere, like that proposed to mediate residual vision in hemispherectomy patients (Wessinger et al., 1996; Bittar et al., 1998) . Two potential routes might be proposed, both involving the pulvinar as the projecting thalamic subcortical structure to extrastriate cortices: a direct retinal projection to the pulvinar and an indirect one involving the tectopulvinar projection.
Numerous anatomical studies carried out on cats (Leventhal et al., 1980; Kawamura et al., 1979; Berman and Jones, 1977) and monkeys (Mizuno et al., 1982; Somogyi et al., 1981) have revealed the presence of a bilateral direct projection from the retina to the pulvinar, the contralateral one being stronger. Although the Note. The Talairach coordinates are stated as mm x, y, z. Values are significant at P Ͻ 0.05. direct retino-pulvinar projection is small compared to the more prominent retino-geniculate and retinocollicular ones, all three major retinal ganglion cell classes were retrogradely labeled following HRP injections into the pulvinar (Cowey et al., 1994) . It seems feasible then that the numerous primate beta cells that escape transneuronal retrograde retinal degeneration following striate cortex ablation might contribute to the residual vision observed after damage to area V1. Thus, this asymmetrical projection can explain the presence of the observed activation in the left pulvinar following visual stimulation of the left (blind) hemifield. Conceivably, the cortical lesion sustained early in PK's life could have caused an increase in the retino-pulvinar projection, as previously seen in cats (Labar et al., 1981) . Moreover, the cortical lesion of the right hemisphere might have provoked a retrograde degeneration of the pulvinar on that side thus hindering its activation.
Nevertheless, even in the absence of collicular activation, the possible contribution of the tecto-pulvinar pathway cannot be ignored because the pulvinar receives its major projection from the superior colliculus. Stimulation of the left visual field (scotomatous hemifield) reaches the temporal hemiretina of the right eye, which projects to the right superior colliculus. Signals reaching the left colliculus through the intertectal commissure can then be relayed to the left pulvinar and area V3 in the left hemisphere. The role of the intertectal commissure in the interhemispheric transfer of visual information has been suggested for many years (Lepore et al., 1985; Ptito et al., 1981 Ptito et al., , 1983 Ptito et al., , 1993 Ptito, 1998) in split-brain cats, monkeys, and humans, and anatomical and electrophysiological studies have demonstrated that there is reciprocal interactions between both superior colliculi (Edwards, 1977; Wallace et al., 1990; Behan et al., 1996) . The pulvinar being fed by both the direct retinal projection and the indirect one through the superior colliculus might explain why only its activation was observed.
The absence of significant activation in the superior colliculus, pulvinar, and extrastriate cortex in the right hemisphere is difficult to interpret. It is conceivable that the lack of collicular activation in either hemisphere is because the PET technique is not sufficiently sensitive to detect activity in this structure due to its size and to the nature of its anatomical relationships with the visual cortex. Very few studies have been successful in showing activation of the superior colliculus using the PET technique, and when it happened it was obtained in tasks involving oculomotor responses (Paus et al., 1995) . It is also known that removal of visual cortex in cats, oppossums, and rabbits depletes the activity of tectal cells (Sprague, 1966; Saraiva et al., 1976; Nagata et al., 1980) . However, insensitivity alone cannot explain the absence of right pulvinar and extrastriate activation because these structures were active in the left hemisphere.
One should keep in mind that patient PK showed an asymmetrical bilateral lesion of the occipital lobes (see Fig. 1 ) that resulted in almost total blindness. The patient, although still showing bilateral hypometabolism as measured by 18 FDG-PET regained vision in most of the right visual field (Ptito et al., 1997, and in press) as tested with perimetrical techniques and by the fact that she works effectively as a secretarial clerk. This left hemisphere damage albeit smaller than that in the right hemisphere could explain the difference in the pattern of activity observed during RVF (''intact'' field) and normal subjects. Finally, we must keep in mind that the extent of the lesion in PK's right hemisphere is not fully documented in that we cannot rule out the possibility that the lesion extends beyond primary visual cortex and encroaches upon extrastriate areas. If it does, then the absence of extrastriate activation on the right side could be due to the absence of cortical tissue. Likewise, the lack of significant activation in the right pulvinar and superior colliculus could be due to compromised functioning of these structures as a result of retrograde degeneration (see Ptito et al., 1996) .
One implication of these results is that the extent of functional tissue in the damaged hemisphere may determine which pathways can assume control of residual functions in blindsight. In the extreme case of hemispherectomy, the only visual pathway available from the blind field to extrastriate cortex is the one outlined above since the thalamus is completely degenerated (Ueki, 1966) . In hemispherectomized monkeys, recent neuroanatomical studies have shown that the thalamic structures (Lateral Geniculate Nucleus and Pulvinar) undergo severe degeneration, whereas the superior colliculus resists the lesion remarkably well Boire et al., 1995) . In patient PK, this pathway may be utilized in our task because of extensive damage to striate and extrastriate regions critical for motion perception. In other patients who have damage limited primarily to area V1, the tectopulvinar pathway to extrastriate areas in the lesioned hemisphere may play a greater role in residual vision (Barbur et al., 1993; Stoerig and Cowey, 1997) . Our data do not rule out this possibility or the possibility that spare islands of cortex in V1 contribute to residual visionin some patients. Nevertheless we offer evidence that motion information presented to the blind hemifield can activate the extrastriate cortex in the left hemisphere via the pulvinar.
CONCLUSION
In conclusion, we offer evidence that motion information can be processed by an extrageniculo-striate path-way involving the pulvinar-area V3 projection in humans with unilateral lesions of area V1. We document a significant increase in cerebral blood flow in the pulvinar along with its cortically recipient area, namely area V3. This result supports recent PET and fMRI data obtained in our laboratory on hemispherectomy patients using a similar paradigm that showed significant activation of extrastriate cortices (mainly areas V3 and putative V5) in the remaining hemisphere following the stimulation of the blind hemifield (Bittar et al., 1998) .
